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Suggests that the Putative Precorrin-8w
Decarboxylase Is a Methyltransferase
ability of thirty enzymes to discriminate between spe-
cific, but closely related, substrates demonstrates the
flexibility and usefulness of the genetic code in produc-
ing complicated and interdependent enzyme cascades.
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conditions of the synthesis or other factors [4–6]. None-101 College Street
MBRC theless, all of these divergent biosynthetic pathways
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organization of the enzymes performing specific chemi-Canada
3 Hauptman-Woodward Medical Research Institute cal transformations. For example, the CobL protein from
Pseudomonas denitrificans [7] is divided into two sepa-73 High Street
Buffalo, New York 14203 rate protein chains, called CbiE and CbiT, in other organ-
isms, such as Salmonella typhimurium and Methano-
bacterium thermoautotrophicum. Strangely, in still other
organisms, such as Synechocystis sp., the genome con-Summary
tains homologs of both CobL (also called CbiET) and
CbiT [8].The CbiT and CbiE enzymes participate in the biosyn-
As is the case in the analysis of many complex bio-thesis of vitamin B12. They are fused together in some
chemical pathways, some of the functions of the en-organisms to form a protein called CobL, which cata-
zymes in the B12 biosynthetic cascade were assignedlyzes two methylations and one decarboxylation on a
by explicit biochemical assays, while others were as-precorrin intermediate. Because CbiE has sequence
signed by sequence-based reasoning [7]. Biochemicalhomology to canonical precorrin methyltransferases,
assays were used to establish that the CobL polyproteinCbiT was hypothesized to catalyze the decarboxyl-
from P. denitrificans catalyzes three different chemicalation. We herein present the crystal structure of
reactions, but sequence-based arguments were usedMT0146, the CbiT homolog from Methanobacterium
to assign putative enzymatic functions to its two constit-thermoautotrophicum. The protein shows structural
uents, CbiE and CbiT, that occur as separate proteinssimilarity to Rossmann-like S-adenosyl-methionine-
in other species. In this paper, we show that functionaldependent methyltransferases, and our 1.9 A˚ cocrystal
assignments of this nature can be unreliable, evenstructure shows that it binds S-adenosyl-methio-
though they are widely accepted and propagated with-nine in standard geometry near a binding pocket that
out qualification in sequence databases.could accommodate a precorrin substrate. Therefore,
CobL catalyzes two methylations and one decarboxyl-MT0146/CbiT probably functions as a precorrin meth-
ation of a vitamin B12 precursor known as “precorrin-yltransferase and represents the first enzyme identi-
6y” (Figure 1) [7]. (“Corrin” is the name for the contractedfied with this activity that does not have the canonical
tetrapyrrole macrocycle that forms the backbone of vita-precorrin methyltransferase fold.
min B12.) The two methylations catalyzed by CobL occur
at carbons C5 and C15, which are located at diametri-
Introduction cally opposite positions, related by a rough pseudosym-
metry, on the precorrin macrocycle (Figure 1A). The de-
About thirty enzymes are required to manufacture vita- carboxylation occurs at carbon C12 (C12A in the
min B12, a complicated macrocyclic cofactor that is Hodgkin nomenclature or carbon 47 in the corrinoid
used by many enzymes to accomplish diverse reactions nomenclature) on an acetate substituent attached to
[1, 2]. Large parts of this biosynthetic cascade have one of the pyrrole rings flanking the C15 carbon.
been shown to occur spontaneously and with good yield The CbiE protein has strong sequence homology to
in enzyme “cocktails” [3], enabling the biosynthesis of the other known methyltransferases in the B12 biosyn-
B12 to become a widely studied model for the enzymatic thetic cascade [9]. While these proteins use S-adenosyl-
production of a complex natural product. The biosyn- L-methionine (AdoMet) as a methylation cofactor, they
thetic pathway leading to the production of this highly have a different fold from the more commonly occurring
stereospecific cofactor, starting from a nearly symmetri- Rossmann-like AdoMet-dependent methyltransferases
cal substrate, represents an archetype of the genesis
of chirality in a biosynthetic system. Furthermore, the
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Figure 1. Chemical Structures of Precorrin Intermediates
(A) Various intermediates in the biosynthesis of vitamin B12. Acetate groups and proprionate groups are represented by the letters “A” and
“P,” respectively, and the methylation sites are indicated by red arrows. The decarboxylation site is indicated with a blue arrow. The names
of the enzymes catalyzing these reactions are indicated in parentheses below the name of each substrate.
(B) Possible methylation/decarboxylation reaction schemes. AdoMet molecules and the derived methyl groups are shown in red. The proposed
intermediates are named “precorrin-7w-a/b.”
[10–12]. The known precorrin methyltransferases in- somal methyltransferase with 31% identity and 51%
similarity over 114 residues (59% of the sequence). Theclude the CysG protein, which methylates an early B12
precursor, uroporphyrinogen III (Figure 1A), at two differ- closest homolog of known structure at the time of initiat-
ing the crystal structure determination was yeast argi-ent sites that are related by pseudosymmetry [13]. Con-
sistent with the example of the CysG homolog, Blanche nine methyltransferase (1G6Q), which is 27% identical
and 51% similar over 74 residues (38% of the sequence)et al. [7] hypothesized that both methyltransferase reac-
tions performed by CobL are catalyzed by the CbiE [11]. This level of sequence homology raises the possi-
bility that MT0146/CbiT could also be a Rossmann-likecomponent and that the decarboxylation reaction is
therefore catalyzed by the CbiT component. On the ba- AdoMet-dependent methyltransferase and might even
be used to assign such a function to this molecule insis of this hypothesis, all CbiT homologs in sequence
databases are annotated with the function “precorrin- the absence of the functional hypothesis advanced by
Blanche et al. [7] that has led to its universal annotation8w decarboxylase.”
However, contemporary sequence analysis proce- as “precorrin-8w decarboxylase.”
In this paper, we present several crystal structures ofdures raise questions concerning the validity of this con-
clusion. Using the gapped BLAST algorithm [14] to MT0146/CbiT. The results show that the protein has
the same Rossmann-like methyltransferase fold as thesearch for sequence homologs of MT0146/CbiT yields
matches to a variety of proteins annotated as “precorrin- remote sequence homologs and binds AdoMet in the
canonical geometry adjacent to a probable precorrin8w decarboxylases,” the closest of which is 38% identi-
cal and 62% similar over 186 of 192 residues. However, substrate binding site. Therefore, MT0146/CbiT is very
likely to function as a methyltransferase. We have usedmore remote sequence homology is detected to a vari-
ety of AdoMet-dependent methyltransferases with these new data to reevaluate the reasoning employed
by Blanche et al. [7] to assign decarboxylase functionRossmann-like folds (although to no precorrin methyl-
transferases). The closest of these is a putative ribo- to this protein, leading to the conclusion that additional
The Crystal Structure of MT0146/CbiT
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Table 1. MT0146 Data Quality and Refinement Statistics
Crystal Parameters
P21212 C2 (short cell) C2 (long cell) P1 C2 (AdoHcy)Space Group
Cell Constants (100 K)
a 74.5 141.3 141.2 59.1 141.1
b 194.8 59.6 59.2 76.0 59.4
c 59.2 98.7 192.2 97.2 165.9
 90.0 90.0 90.0 70.9 90.0
 90.0 113.9 108.6 78.8 109.9
 90.0 90.0 90.0 66.7 90.0
Data Collection
1 (low) 2 (edge) 3 (peak) 4 (high) 1 1 1 1
Wavelength (A˚) 1.03316 0.97974 0.97956 0.93924 0.97956 0.97956 0.97956 1.00000
Energy (eV) 12000.0 12654.4 12656.7 13200.0 12656.7 12656.7 12656.7 12398.0
Beamline APS/32ID APS/32ID APS/32ID APS/32ID APS/32ID APS/32ID APS/32ID BNL/X12B
Data Quality
Resolution (A˚) 40.0–2.60 40.0–2.40 40.0–2.40 40.0–2.48 40.0–2.30 40.0–2.65 40.0–2.64 40.0–1.90
Rsym (%) 14.9 8.9 8.7 11.2 5.9 10.9 15.0 14.0
Mean redundancy 6.77 5.63 5.67 5.32 2.65 2.93 1.91 3.34
Completeness (last shell) (%) 100.0 (99.9) 98.7 (100) 98.8 (100) 92.7 (100) 88.1 (79.7) 99.6 (99.9) 98.8 (97.3) 97.7 (98.0)
Mean I/I (last shell) 20.9 (3.4) 21.50 (2.0) 22.5 (2.32) 12.7 (1.7) 18.62 (4.8) 9.99 (1.8) 11.0 (1.7) 9.52 (1.9)
Model Quality
Rfree (%) 26.7 25.40 28.59 25.72 25.77
Rwork (%) 22.4 20.40 24.60 21.20 21.20
Rmsd bond lengths (A˚) 0.014 0.012 0.014 0.015 0.010
Rmsd bond angles () 1.71 1.52 1.67 1.77 1.55
Ramachandran plot 95.1/4.9/0 95.9/4.1/0 92.7/7.3/0 95.6/4.4/0 94.7/5.1/0.2
(core/allowed/generous) (%)
Model Contents
Residues/monomer 186 186 186 186 185
Monomers/ASU 4 4 8 8 6
Water molecules 269 280 78 111 724
Ligands 6
Standard definitions were used for all parameters [43]. Data collection statistics come from SCALEPACK [16], with anomalous pairs treated
separately for the calculations of Rsym. Refinement and geometric statistics come from X-PLOR [35]. Ramachandran analysis was performed
with PROCHECK [44].
biochemical assays will be needed to determine whether rier map. The remaining crystal forms, including the bi-
nary structure complexed with S-adenosyl-L-homocys-it possesses decarboxylase activity in addition to meth-
yltransferase activity. teine (AdoHcy), were solved by molecular replacement
with the standalone version of AMoRe [18] (Table 1).
Results and Discussion
Protomer Apo Structure
The MT0146/CbiT protomer is classified by SCOP [10]Structure Determinations
The homotetrameric apo form of MT0146/CbiT crystal- as a Rossmann-like “AdoMet-dependent methyltrans-
ferase” fold, which includes seven  strands (Figures 2lized in several space groups (Table 1) under essentially
identical crystallization conditions. Some of the lattices and 3). This methyltransferase fold is similar to a canoni-
cal Rossmann fold [19] but is modified by the insertionare quite similar (e.g., the long and short axis C2 crystal
forms), suggesting that some of the differences in the of an antiparallel strand (8) between the parallel strands
5and 6 at the C terminus of the domain. This foldcrystal systems may have been caused by shifts in pack-
ing upon cryoprotection. Experimental phases were cal- is further modified in MT0146/CbiT by an extension of
strand 6, which forms a long irregular  hairpin withculated using multiple-wavelength anomalous diffrac-
tion (MAD) data [15] from the highest-symmetry crystal strands 7 and 8 (Figure 2). We designate this exten-
sion the tetramerization hairpin (TH) because of its roleform (P21212), with 20 out of 32 selenomethionine
(SeMet) sites. These phases were refined and improved in oligomerizing the protein (see next section).
MT0146/CbiT is observed to have strong structuralwith MLPHARE [16] and DM [17], respectively. It was
straightforward to trace and assign the sequence to the similarity—although weak sequence homology—to a
variety of proteins known to have methyltransferase ac-resulting map, partly due to the presence of a tandem
pair of SeMet residues in the sequence, which was a tivity, but not to any proteins known to have decarboxyl-
ase activity. Specifically, the DALI program [20] identi-readily visible landmark in an anomalous difference Fou-
Structure
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Figure 2. Structure of an AdoHcy-Bound
Protomer of MT0146/CbiT
(A) Stereo ribbon diagram. The protein is
color-coded by secondary structure type, ex-
cept for the coloring of the tetramerization
 hairpin (TH), in red. The refined AdoHcy
molecule is shown in ball and stick represen-
tation, with the oxygens atoms colored red
and the methyl-bearing sulfur atom colored
yellow. The secondary structural element la-
beled 1 is actually a single turn of 310 helix.
(B) Topology diagrams color-coded as in (A).
The  helices are represented by rectangles
in the side projection (left) and by circles in
the top projection (right); the  strands are
represented by arrows in the side projection
and by triangles in the top projection. Lighter
colors are used to represent the  helices in
front of the central  sheet (as viewed on the
left), while darker colors are used to represent
the  helices in back.
fies the following methyltransferases as having form (see below), there is a second tetramer that rests
directly on a crystallographic 2-fold axis that superim-significant structural similarity to MT0146/CbiT: COMT
(catechol O-methyltransferase, Protein Data Bank ID poses the A and C subunits onto the B and D subunits
(see Figures 5, 6A, and 6B for nomenclature). Given1VID, Z  17.5, 2.3 A˚ RMSD for 163 C’s, with 13%
sequence identity), the rRNA methyltransferase subunit these symmetry relationships, all four active sites in
the physiological oligomer are likely to be functionally(Protein Data Bank ID 2ERC, Z  14.3, 2.9 A˚ RMSD for
146 C’s, with 22% identity), and FtsJ (Protein Data equivalent.
Except for one residue outside of the TH that makesBank ID 1EJ0, Z  13.9; 2.9 A˚ RMSD for 146 C’s, with
18% identity). After least-squares superposition of the van der Waals contacts with itself across the 2-fold axis
at the A/B interface, all of the intersubunit contacts instructures based on the DALI alignment, it was observed
that the AdoMet molecule from the COMT structure fit the apo structures involve residues located in the TH in
at least one subunit, and most of these contacts involvenearly perfectly into MT0146/CbiT (Figure 4A) because
of the rigorous similarity of the protein folds and the residues located in the TH in both subunits (Figures 5
and 6). In the AdoHcy-bound crystal form, two disulfideconservation of most of the residues making structural
contacts to the ligand (Figure 4B). bonds are observed to occur between residues Cys-
23 and Cys-27, outside of the TH at the A/D and B/D
interfaces. However, these disulfide bonds are not re-Tetramer Structure
quired to maintain the stability of the tetramer of thisStatic light-scattering measurements give a molecular
cytoplasmic protein, given the fact that they are notweight of 81 kDa for MT0146/CbiT (data not shown),
observed in any of the apo structures. Their occurrencecompared with a protomer molecular weight of 21 kDa,
in the AdoHcy-bound crystal form could be explainedshowing that the protein forms a tetramer in solution.
by the fact that protein that had been stored for severalConsistent with this observation, a tetramer with sub-
months at 4C was used to make these crystals, and thisunits related by 222 symmetry (Figure 5) is observed in
material could have undergone spontaneous oxidationall of the MT0146/CbiT crystal forms. At least one such
during storage.tetramer with all of its subunits related by noncrystallo-
graphic symmetry (NCS) is present in the asymmetric
unit of every lattice (Table 1). Significant violations of Tetramerization Domain
The tetramerization domain is a unique structural featurethe NCS are found only in the loops on the surface of
the protein. However, in the AdoHcy-containing crystal of MT0146/CbiT, compared with other proteins of known
The Crystal Structure of MT0146/CbiT
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Figure 3. Sequence/Structure Alignment
Secondary structure elements are represented schematically above a multiple sequence alignment generated by Clustal W [41]. The symbols
used to represent the secondary structural elements and their color-coding are the same as in the left panel of Figure 1B, except that the 
helices are shown as cylinders and the 310 helix is shown as a diamond-shaped rod. The locations of the well-defined  turns in the structure
are indicated above the secondary structural schematic, by the nomenclature of Wilmot and Thornton [42]. Sequences are shown for the
CbiT homologs in five organisms (Mja, Methanococcus jannaschii; Sty, Salmonella typhimurium; Afu, Archaeoglobus fulgidus; Hsp, Halobacter-
ium sp.; Tac, Thermoplasma acidophilum) and the C-terminal “CbiT” domains from the CobL homologs in two organisms (Bme, Bacillus
megaterium; Pae, Pseudomonas aeruginosa). Sequences are also shown for the two closest structural homologs identified by DALI [20]
(0882_Mja, protein MJ0882 from Methanococcus jannaschii; COMT_Rno, catechol O-methyltransferase from Rattus norvegicus).
structure. It is formed by the four THs from the constit- opposite sides of the tetramer (Figures 6A and 6B). The
core of the tetramerization domain is lined by primarilyuent protomers (Figures 2 and 5A), which interact with
each other with 222 symmetry (Figures 5, 6A, and 6B). hydrophilic residues (including Glu-158, Asn-160, and
Ser-175) and filled with 32 water molecules that mediateWhile these  hairpins appear to form a  barrel-like
assembly, closer inspection reveals that two of the four indirect H bonding interactions between the A and B
subunits. Thus, the packing core of the  sandwichintersubunit interfaces do not contain any -type hydro-
gen bonds (H bonds) between the adjacent  strands formed by the four THs is actually a hydrophilic interface.
The regular H bonding pattern between the  strands(Figure 6E). Therefore, this domain is not a  barrel, but
a  sandwich formed by two identical four-stranded in each individual TH is disrupted at one site in the
C-terminal half of the  hairpin, dividing this segment sheets; each comprises a dimer of  hairpins. This
organization accounts for the asymmetrical cross-sec- into two separate  strands (7 and 8). This disruption
appears to be caused by the cooperative salt-bridgingtional dimensions of the structure, which are apparent
when comparing the width of the assembly in two or- network involving Arg-176, Glu-20, and Asp-4 in con-
junction with the Pro residue in the NPV motif at residuesthogonal views (Figures 6A and 6B).
The 222 symmetry results in each of the four subunits 177–179 (Figure 6C); this is one of the most conserved
features in CbiT sequences (Figure 3). The Asn and Proparticipating in three different kinds of interfaces, herein
called A/B, A/C, and A/D (Figures 5, 6A, and 6B), that residues in the NPV motif make a number of direct and
water-mediated H bonds in the A/C interface, indicatingare all characterized by proper 2-fold symmetry (i.e.,
180 rotations without translation). There are no H bonds that the disruption in the continuity of the  strand con-
tributes directly to tetramerization. Moreover, this dis-and only a single residue making direct van der Waals
contacts between the A and B subunits, which are on ruption is likely to be essential for precorrin substrate
Structure
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Figure 4. Structure of the Methyltransferase
Active Site
(A) Stereo ribbon diagram showing the Fo 
Fc difference density (magenta) observed in
the active site of the AdoHcy-bound MT0146/
CbiT crystal form with molecular replacement
phases calculated from the apo model. The
electron density was contoured at 3.5 . The
coordinates of the AdoHcy molecule shown
in ball and stick representation came from
the structure of the COMT homolog [12] on
the basis of the structural alignment of its
methyltransferase fold to that of MT0146/
CbiT by the program DALI.
(B) Stereo pair showing the binding contacts
to the AdoHcy molecule in the refined
MT0146/CbiT complex structure.
binding because it allows residues Arg-176 and Asn- structure of spermidine synthase [21]. However, this
structure is very different from that in MT0146/CbitT177 to contribute to the surface of the putative precorrin
binding site (see discussion of Figure 7 below). because it is a true  barrel with regular -type hydrogen
bonds on both sides of all eight  strands. It furthermoreStandard antiparallel H bonding interactions occur
between the adjacent THs in the A/D interface, which has a hydrophobic packing core dominated by aromatic
residues, as opposed to the hydrophilic interface at thetherefore mediates formation of the four-stranded 
sheet that constitutes one-half of the  sandwich formed core of the tetramerization domain in MT0146/CbiT.
by the tetramerization domain. These interactions are
terminated at the site of a structurally conserved water
molecule near Asn-155 that makes bridging H bonds Crystallographic Observation of AdoMet Binding
After observing the striking structural similarity to Ado-between the antiparallel  strands (Figures 6A and 6D).
However, no -type H bonds occur between the adja- Met-dependent methyltransferases, we attempted to
cocrystallize MT0146/CbiT with AdoMet. The resultingcent THs in the A/C interface (Figures 6B and 6E). In-
stead, several water-mediated H bonds occur between structure showed clear electron density for the cofactor
at the expected binding site (Figure 4A). Refinement ofthe adjacent  strands, and additional H bonds are made
between the side chain of Ser-175 and the side chain the complex structure (Table 1) showed the ligand to
be AdoHcy, or the demethylated form of AdoMet. Theand main chain atoms of Asn-177. Helix 7 also plays
a role in forming the A/C interface, as it is mediates cofactor possibly donated its reactive methyl group to
a reagent in the crystallization solution, possibly thebridging contacts between protomers where the adja-
cent  strands of the tetramerization domain diverge DTT. Furthermore, AdoMet-dependent precorrin meth-
yltransferases have been observed to have up to 20-(Figures 6B and 6E).
Recently, a tetramerization domain formed by four  fold-higher affinity for AdoHcy than for AdoMet itself
[22, 23], so that the enzyme could have preferentiallyhairpins with 222 symmetry was observed in the crystal
The Crystal Structure of MT0146/CbiT
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Figure 5. Structure of an AdoHcy-Bound Tet-
ramer of MT0146/CbiT
(A) Stereo ribbon diagram, color-coded as in
Figure 1, with four AdoHcy molecules shown
in ball and stick representation.
(B) Stereo ribbon diagram, color-coded by
subunit organization, with four AdoHcy mole-
cules shown in CPK representation. All Ado-
Hcy atoms are shown in red, except for the
methyl-bearing sulfur, which is in cyan. A
schematic diagram defining the nomencla-
ture used to label the individual subunits is
shown between the two panels.
bound AdoHcy, even if only part of the AdoMet popula- adenine binding sites, although the protein residue mak-
ing this interaction often has an aromatic or hydrophobiction were demethylated.
The experimental demonstration of AdoHcy binding side chain, as observed at the equivalent position in
some of the homologous proteins (Figure 3).to MT0146/CbiT adjacent to a likely precorrin substrate
binding site (see below) very strongly suggests that this The GGSGG loop at residues 107–111 (Figure 4B) un-
dergoes an induced-fit conformational change whenprotein functions as a precorrin methyltransferase. The
Rossmann-like AdoMet-dependent methyltransferase AdoHcy binds to MT0146/CbiT (data not shown). This
loop, which connects strand 4 to helix 6 in the methyl-fold of MT0146/CbiT is different from that of CbiF, the
other precorrin methyltransferase of known structure transferase fold, is disordered in the apo crystal struc-
tures but becomes ordered upon binding AdoHcy. The[22, 24]. On the basis of the sequence homology be-
tween this protein and the previously established pre- first two Gly residues in this loop are strongly conserved
in CbiT domains, but not in the other methyltransferasescorrin methyltransferases, it was believed that all pre-
corrin methyltransferases share the CbiF fold [9]. (Figure 3). The GGSGG loop forms part of the wall of
the putative precorrin substrate binding site discussedTherefore, the structure of MT0146/CbiT establishes a
new structural paradigm for a precorrin methyltrans- in the next section (Figures 4B and 7).
ferase.
Putative Precorrin Binding Site
A deep groove with dimensions similar to those of theStructural Features of the AdoMet Binding Site
AdoHcy binds to the methyltransferase fold in MT0146/ groove of the precorrin macrocycle (Figure 7D) is found
immediately adjacent to each AdoMet binding site (Fig-CbiT in essentially an identical geometry to that ob-
served in COMT [12] (Figure 4A). The most highly con- ures 5 and 7). In the AdoHcy complex structure, this
putative precorrin binding pocket is lined by segmentsserved feature of observed binding sites for adenosyl
compounds (e.g., ATP, NAD, and AdoMet) is an Asp or from the Rossmann-like methyltransferase core, seg-
ments from the TH from both the same subunit and oneGlu residue that interacts with the hydroxyl groups of
the ribose [25, 26]. This role is fulfilled by Asp-62 in of the adjacent subunits, and, finally, atoms from the
demethylated AdoMet molecule itself (Figures 7A andMT0146/CbiT (Figure 4B), at a position occupied by an
Asp or Glu residue in all CbiT domains and the methyl- 7D). The tetramerization domain of MT0146/CbiT there-
fore forms a substantial part of the putative precorrintransferase homologs (Figure 3). Residue Thr-17 and
backbone atoms from the glycine-rich region at residues substrate binding site (Figures 5 and 7). Because the
TH from an adjacent protomer forms part of this site,Gly-41 through Gly-46 make H bonding interactions with
the carboxylate and amine groups on the AdoMet (Fig- (Figure 7A), the tetrameric architecture of MT0146/CbiT
contributes, in a fundamental way, to its enzymatic ac-ure 4B). These residues are also strongly conserved in
all CbiT domains (Figure 3). One face of the adenine base tivity.
The contribution made by AdoMet atoms to the forma-of the AdoMet interacts with the hydrocarbon region
of the side chain of Arg-63 (Figure 4B). Hydrophobic tion of the precorrin binding site suggests that a simple,
but powerful, mechanism could be used to control thepacking interactions of this kind are observed in most
Structure
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Figure 6. The Tetramerization Domain of
MT0146/CbiT
(A and B) Two orthogonal views of the tetra-
merization domain color-coded by subunit as
in Figure 5B. The orientation in (B) is identical
to that in Figure 5B. Strands 6, 7, and 8
from all four subunits are shown, as well as
the additional segments from subunit A that
are shown in (C)–(E). The secondary structural
elements near the top of these images are
helix 7 and strand 5, while those near the
middle are helices 1 and 2. Three mutually
orthogonal 2-fold axes intersect at the center
of the tetramerization domain, with the first
running vertically up the page, the second
running horizontally across the page, and the
third normal to the surface of the page.
(C, D, and E) Detailed stereochemistry of the
intersubunit interfaces in the tetramerization
domain. Ball and stick representations of the
backbone and selected side chains are su-
perimposed over translucent ribbons show-
ing the secondary structural elements. The
green spheres represent water molecules.
order of addition during the catalytic reaction cycle. In all five crystal structures (including the AdoHcy complex
structure), indicating partial disorder in this region ofthe preceding section, it was established that the
GGSGG loop that forms part of the surface of the precor- the protein. This turn at residues Asp-168 and Arg-169
also forms part of the putative precorrin binding siterin binding site undergoes an induced-fit conformational
change upon binding the demethylated form of AdoMet. (Figures 5, 7A, and 7D), suggesting that it is likely to
interact with precorrin substrate and could potentiallyBetween the induced-fit at the GGSGG loop and the
explicit contribution of the AdoMet molecule itself, the experience an induced-fit conformational change upon
precorrin binding.binding of this cofactor is likely to substantially enhance
affinity for the precorrin substrate by completing the
structure of its binding site. These structural effects Does MT0146/CbiT Methylate the Precorrin
Macrocycle at C5 or C15?could be used to ensure that the methylation cofactor
is bound to the enzyme before the precorrin molecule On the basis of the observations of Blanche et al. [7] on
the activity of CobL (CbiET) polyprotein, the MT0146/that it will methylate. Therefore, we predict, on the basis
of the structure, that MT0146/CbiT will exhibit an or- CbiT methyltransferase is expected to methylate the
precorrin-6y macrocycle at either C5 or C15. These sitesdered addition mechanism in which it preferentially
binds the AdoMet cofactor before the precorrin sub- are stereochemically distinct, so that MT0146/CbiT pre-
sumably is specific for one of them, while the CbiE meth-strate.
The turn at the tip of the TH exhibits high B factors in yltransferase is presumably specific for the other. How-
The Crystal Structure of MT0146/CbiT
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Figure 7. Surface Representations of the
Precorrin Binding Groove in MT0146/CbiT
(A) The surfaces are color-coded by subunit,
except for the atoms of the AdoHcy ligand,
which are colored red and indicated by white
arrows.
(B) The surfaces are color-coded according
to chemical polarity, with acidic functional
groups shown in red, basic functional groups
in blue, other carbon atoms in green, and un-
charged polar atoms in white.
(C) Stereo pair showing surfaces color-coded
by electrostatic potential, with fully saturated
colors representing potentials of	10 kT. Red
and blue represent negative and positive po-
tentials, respectively. Surface potential was
calculated by GRASP [40], assuming an ionic
strength of 0.2 M.
(D) Stereo pair showing the precorrin binding
site color-coded by electrostatic potential as
in (C). A molecule of hydrogenobyrinic acid,
a substrate analog, is shown in the active site,
as positioned by a manual-docking exercise,
as described in the text.
ever, the sites are related by a rough pseudosymmetry in a single methyl group from the C11 to the C12 position
of the precorrin macrocycle (Figure 1B). The startingthe precorrin-6y substrate (Figure 1), which significantly
complicates attempts to identify the methylation site of point for the docking exercise was least-squares align-
ment of two structurally homologous methyltransfer-MT0146/CbiT on the basis of docking exercises.
Nonetheless, in order to show that the putative bind- ases, COMT (Protein Data Bank ID 1VID) [12] and HhaI
(Protein Data Bank ID 6MHT) [28], in which both AdoMeting pocket can accommodate precorrin, a hydrogeno-
byrinic acid molecule [27] was manually docked into this and a substrate analog were observed crystallographi-
cally. The positions of the activated methyl groups ofsite (Figure 7D). This compound is the closest substrate
analog whose structure has been determined experi- the AdoMet molecules were remarkably close to one
another in the two catalytic complexes after their sepa-mentally. Hydrogenobyrinic acid is produced by precor-
rin-8x methylmutase, which is the enzyme that catalyzes rate alignment against MT0146/CbiT, as were the loca-
tions of the methyl-acceptor sites of the substrate orthe next step in the biosynthesis of vitamin B12 after
that catalyzed by CobL [27]. Therefore, it differs from inhibitor.
On this basis, the candidate methyl-acceptor atom inthe product of MT0146/CbiT only by the movement of
Structure
1484
the precorrin substrate, i.e., C5 or C15, can be posi- tion and the structures of the substrates. In this case,
tioned in the active site with reasonable reliability. Be- a protein-bound base on CbiE or CbiT would be respon-
cause the narrow width of the binding groove approxi- sible for protonation of the methylene product of the
mately matches that of the precorrin macrocycle (Figure decarboxylation reaction with prochiral specificity (Fig-
7D), the alignment of the plane of the macrocycle is ure 1B). The same protein-bound base could potentially
also restrained. However, there are still two possible catalyze the decarboxylation step through orbital engi-
orientations of that plane (related by 180 rotation neering. Specifically, recruitment of a proton to form an
around the C5-C15 axis). Furthermore, there is some H bond between this base and the target carboxylate
freedom in the rotational orientation of the macrocycle group could be used to accelerate the reaction by pulling
around the axis running perpendicular to its surface the carboxylate toward a position where its carbon-
through the center of the methyl acceptor site, although carbon bond is more closely aligned with the 
 orbital
the choice, in this regard, is restrained considerably by that its electrons will occupy after decarboxylation. If
the limited depth and height of the precorrin binding CbiT methylates the precorrin intermediate at the C15
groove (Figure 7D). Finally, there is also uncertainty con- position in the geometry suggested in Figure 7D, one
cerning the rotamer conformations of the acetate and of the ribosyl hydroxyls in the AdoMet cofactor could
proprionate substituents located on the periphery of the conceivably play the role of the protein-bound catalytic
macrocycle. A subjective attempt to consider all of these base via transfer of its own proton to Asp-62, an invariant
degrees of freedom during manual docking of the pre- residue whose carboxylate group forms H bonds to both
corrin substrate analog led to the alignment shown in of the ribosyl hydroxyls (Figure 4B).
Figure 7D, which places the C15 atom at the methyl-
acceptor site (Figure 7D). If this alignment is correct,
MT0146/CbiT would methylate the precorrin macrocycle Evolutionary Origin of MT0146/CbiT
at C15, while CbiE would methylate it at C5. However, The previously established precorrin methyltransferases
this simple modeling exercise cannot be considered to are all believed to share the same protein fold as CbiF
be stereochemically reliable, so that either careful com- [22] on the basis of their sequence homology [9]. For
putational modeling studies or, preferably, direct bio- example, CbiE has greater than 25% sequence identity
chemical assays will be required to establish the actual and approximately 50% similarity with CysG, CbiH, and
methylation sites of CbiT and CbiE. CbiF over its entire length, making it very likely that they
share a common precorrin binding site, beyond sharing
an overall fold. The exquisite specificity of these en-
Possible Decarboxylase Activity zymes in recognizing one substrate and not closely re-
The methylation of precorrin-6y at C15 probably repre- lated precorrin species is probably due to divergent
sents a chemical strategy to induce decarboxylation of evolution producing finely tuned adaptations in the
the acetate group on the flanking pyrrole ring [29–31]. structure of the common precorrin binding site. How-
The methylation reaction activates the subsequent de-
ever, while MT0146/CbiT uses the same methylation
carboxylation reaction by enabling the cobalt atom at
cofactor as the other precorrin methyltransferases, it is
the center of the macrocycle to function as an electron
neither homologous in sequence nor similar in structure
sink once it participates in a conjugated
 orbital system
to these proteins. Furthermore, the tetramerization do-connected to the acetate group that is to be decarboxyl-
main, which forms a major portion of the precorrin bind-ated (Figure 1B, compare precorrin-6y with precorrin-
ing site, is unique to CbiT domains. These observations8w). A related strategy has been proposed for the en-
indicate that the evolutionary history of CbiT is differentzyme uroporphyrinogen-III decarboxylase in the heme
from that of the other precorrin methyltransferases.biosynthesis pathway [29–31]. On the basis of the elec-
CbiT could have originated as a generic methyltrans-tronic structure of the macrocycle, the decarboxylation
ferase module that was recruited to play a role in vitaminof precorrin-8w could potentially proceed spontane-
B12 biosynthesis through fusion to the CbiE protein,ously after methylation at C15. Therefore, enzymatic
which has the fold and precorrin binding site shared bycatalysis of this reaction may not be necessary.
the other precorrin methyltransferases [9]. CbiT mayHowever, studies showing that uroporphyrinogen-III
have originally acted as a methyl donor to the precorrindecarboxylase generates methyl groups with retention
molecule bound to the substrate binding site in the CbiEof configuration prove that this enzyme catalyzes the
domain in the ancestor of the CobL (CbiET) polyprotein.protonation of the methylene intermediate produced in
This kind of model seems reasonable, given the fact thatthe decarboxylation reaction [29–31]. This result shows
the CbiE and CbiT methylate at diametrically oppositethat there is close stereochemical control of the decar-
positions on the precorrin macrocycle. Subsequently,boxylation step in addition to the inductive effect caused
the CbiT domain could have developed its own precorrinby the change in the electronic structure of the mac-
binding site while attached to the CobL polyprotein.rocyle. On the basis of this example, the same enzyme
Once an independent precorrin binding site evolved inmediating methylation of the precorrin ring at C15 might
the CbiT moiety, this domain could have been releasedalso catalyze the decarboxylation reaction and the ensu-
in the form of an independent protein containing its owning protonation of methylene intermediate.
novel substrate binding site. Organisms like Synecho-If decarboxylation at C12 is catalyzed by CbiE or CbiT,
cystis sp. that have copies of both CbiT and the CbiETit could employ a molecular mechanism similar to that
(CobL) polyprotein could be in the process of undergo-employed by uroporphorinogen III decarboxylase, given
the similarities in the nature of the chemical transforma- ing this evolutionary domain-parsing process.
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Biological Implications in the adjacent protomer. Therefore, a homology model
of the methyltransferase fold in MT0146/CbiT would
have provided very limited information on the enzymaticThe crystal structure of MT0146/CbiT shows that the
protein has an AdoMet-dependent methyltransferase activity of the protein compared with its crystal struc-
ture. Accordingly, experimental structure determina-fold and binds the methylation cofactor in a canonical
manner, indicating that this protein probably functions tions can provide vital information on proteins with re-
mote, but real, homology to proteins of known structure.as a methyltransferase. Using these structural observa-
tions to reexamine the experimental data of Blanche et Understanding structural details of this kind is likely to
be as important to many practicing biologists as under-al. [7] leads to the conclusion that the CbiT domain
methylates precorrin-6y at either the C5 or C15 position. standing fold space.
If it methylates at the C5 position, it is unlikely to have
Experimental Proceduresany decarboxylase activity. If, on the other hand, it meth-
ylates at the C15 position, it may or may not additionally
Cloning, Expression, and Purificationhave decarboxylase activity because the decarboxyl-
MT0146/CbiT was cloned without a tag into pET24a (Novagen) and
ation at C12 could potentially occur spontaneously after cotransformed into the E. Coli methionine auxotrophic strain B834
methylation at C15. with a rare codon tRNA plasmid (Stratagene). Protein expression
However, even if the protein possesses such activity, was induced with 0.8 mM IPTG for 4 hr at 30C in the medium
described by Hendrickson et al. [32] with the addition of the Kaoits functional assignment as a decarboxylase could be
and Michalyuk vitamin supplement (Sigma). Cells were rinsed andconsidered misleading for two reasons. First, MT0146/
flash-frozen in liquid nitrogen pending purification. Cell pellets wereCbiT is structurally a methyltransferase. Second, as dis-
resuspended in 50 mM NaCl, 20 mM DTT, 2.0 mM PMSF, 1.0 mM
cussed above, the decarboxylase activity is likely to be AEBSF, and 100 mM Tris-Cl (pH 7.5) prior to lysis in a French press
secondary to the methyltransferase activity because the at 18,000 psi. The supernatant from a 75,000 rpm, 30 min spin
decarboxylated product is likely to represent the favored was filtered through a 0.25 m cellulose-acetate syringe filter
(Costar) and loaded onto a DEAE Sepharose FF column (Pharmacia)equilibrium species after methylation of the precorrin at
equilibrated in 50 mM NaCl, 10 mM DTT, and 100 mM Tris-Cl (pHC15, even if the decarboxylation reaction is somewhat
7.5), which was eluted in a linear gradient to 1 M NaCl. Solid ammo-slow in the absence of catalysis.
nium sulfate was added to a final concentration of 0.8 M to the
Therefore, the crystal structure of MT0146/CbiT pro- pooled fractions containing MT0146/CbiT. Following filtration, the
vides a reasonably definitive reclassification of the pri- sample was loaded onto a High-Sub Phenyl Sepharose FF column
mary enzymatic function of the enzyme. The ongoing (Pharmacia) equilibrated in 0.8 M ammonium sulfate, 10 mM DTT,
and 100 mM Tris-Cl (pH 7.5), which was eluted in a linear gradientstructural genomics projects will almost certainly en-
to 0 M ammonium sulfate. The pooled fractions were concentratedcounter other proteins where tentative functional as-
to 5 ml in a Centriprep 10 (Amicon) before chromatography on asignments have been propagated in sequence data-
Sephacryl S300HR 16/60 column (Pharmacia) equilibrated in 100
bases. Some cases are likely to be similar to MT0146/ mM NaCl, 10 mM DTT, and 100 mM Tris-Cl (pH 7.5). Pooled fractions
CbiT, where the protein fold is so clearly derived from were exchanged into 10 mM DTT and 100 mM Tris-Cl (pH 7.5) with
a thoroughly characterized functional family that the a HiPrep G25 desalting column (Pharmacia) prior to concentration
to 15–20 mg/mL for crystallization.structure itself enables correction of the functional mis-
assignment. However, given the very limited ability to
Crystallizationdetermine function from protein structures in the ab-
Preliminary crystallization conditions were obtained from a high-sence of definitive structural similarity, other cases are
throughput robotic crystallization screen with microbatch setups
likely to arise where the structure does not suggest a under oil. Optimized crystals were grown on plastic coverslips by
function and could instead propagate the original tenta- the hanging drop vapor diffusion method at 25C. Crystals of the
tive functional assignment into structural databases. In apo protein appeared after one day and grew to a maximum size
of 400  200  100 m3 after 2 l drops containing 5–10 mg/mlorder to avoid this scenario, special care should be
protein, 10% (w/v) polyethylene glycol 8000 (PEG 8K), 100 mMtaken in structural genomics projects to reevaluate criti-
MgCl2, and 5 mM Tris-Cl (pH 7.5) were equilibrated against 1 ml ofcally the primary literature establishing the function of
well solution containing 16%–22% PEG 8K, 200 mM MgCl2, andany protein with novel structural characteristics. At a 10mM Tris-Cl (pH 7.5). Crystals of the binary complex grew to a
minimum, all functional annotations in databases should maximum size of 500  400  100 m3 after 4 l drops containing
cite the papers containing the primary experimental data 1–2 mg/ml protein, 0.5 mM AdoMet (Sigma), 0.1%–0.2% PEG 8K,
50 mM MgCl2, 2.5 mM Tris-Cl (pH 7.5) were equilibrated against 1establishing the functional assignment.
ml of well solutions containing 0.2%–0.4% PEG 8K, 200 mM MgCl2,The structure of MT0146/CbiT also raises issues con-
and 5mM Tris-Cl (pH 7.5). Before they were frozen in liquid propane,cerning target selection procedures in structural geno-
the apo crystals were cryoprotected by being sequentially trans-mics projects. Iterative PSI-BLAST alignments identify
ferred to solutions containing 25% PEG 8K, 200 mM MgCl2, andseveral methyltransferases in the Protein Data Bank as progressively higher concentrations of glycerol (5%, 10%, and 25%
likely structural homologs of MT0146/CbiT, so that this [w/v]). For the binary complex crystals, 5 L 100% glycerol was
protein could potentially have been excluded by the added to the hanging drops, and the crystals were mounted and
frozen immediately in liquid propane. The crystals of the apo proteintarget selection procedure in many projects. The tetra-
often exhibited morphological twinning and intractably high mosa-merization domain in this protein, however, is structur-
icity; these problems were not observed with the binary complex,ally unique, so that elucidation of its structure indeed
which also consistently diffracted more strongly.
contributes to understanding protein fold space. More-
over, recognition of the precorrin substrate is dependent
Data Collection and Structure Determinations
on the oligomeric organization of the protein because Data on the apo form crystals were collected on a Mar Research
the tetramerization domain forms part of the putative CCD detector at beamline 32ID (COMCAT) at the Advanced Photon
Source, with 1 oscillations and 360 sweeps. Data processing andsubstrate binding pocket associated with the active site
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reduction were performed with DENZO and SCALEPACK [16], re- ways of heme and anaerobic cobalamin synthesis. Biochemistry
38, 10660–10669.spectively. With the P21212 MAD data set, the program SOLVE [33]
found 20 of the 32 SeMet sites in the asymmetric unit. This site 7. Blanche, F., Famechon, A., Thibaut, D., Debussche, L., Cam-
eron, B., and Crouzet, J. (1992). Biosynthesis of vitamin B12pattern was used for MAD phasing in the program MLPHARE [16].
Phases were improved by solvent flattening and NCS averaging in in Pseudomonas denitrificans: the biosynthetic sequence from
precorrin-6y to precorrin-8x is catalyzed by the cobL gene prod-DM [17], yielding a readily interpretable electron density map at
2.4 A˚. The other crystal forms were solved by molecular replacement uct. J. Bacteriol. 174, 1050–1052.
8. Raux, E., Lanois, A., Warren, M.J., Rambach, A., and Thermes,with standalone AMoRe [18]. The binary structure was also solved
by molecular replacement with the refined protomer structure from C. (1998). Cobalamin (vitamin B12) biosynthesis: identification
and characterization of a Bacillus megaterium cobI operon. Bio-the short-cell C2 apo crystal form as a search model and data to
2.2 A˚ resolution, yielding a correlation coefficient of 55% and an R chem. J. 335, 159–166.
9. Raux, E., Schubert, H.L., Roper, J.M., Wilson, K.S., and Warren,factor of 36% after rigid-body refinement in AMoRe. Difference Fou-
rier maps calculated from the molecular replacement phases clearly M.J. (1999). Vitamin B12: insights into biosynthesis’s Mount
Improbable. Bioorg. Chem. 27, 100–118.showed electron density for the bound ligand, which was deter-
10. Lo Conte, L., Brenner, S.E., Hubbard, T.J., Chothia, C., andmined to be AdoHcy after refinement.
Murzin, A.G. (2002). SCOP database in 2002: refinements ac-
commodate structural genomics. Nucleic Acids Res. 30,Model Building and Refinement
264–267.The models were built using O [34] and refined with X-PLOR 3.851
11. Weiss, V.H., McBride, A.E., Soriano, M.A., Filman, D.J., Silver,[35], with Engh and Huber parameters [36]. Rfree sets consisting of
P.A., and Hogle, J.M. (2000). The structure and oligomerization5% of the reflections selected at random were generated indepen-
of the yeast arginine methyltransferase, Hmt1. Nat. Struct. Biol.dently for each crystal form because they all possessed different
7, 1165–1171.space group symmetry or lattice parameters. Refinement consisted
12. Vidgren, J., Svensson, L.A., and Liljas, A. (1994). Crystal struc-of iterations of overall anisotropic B factor refinement, bulk solvent
ture of catechol O-methyltransferase. Nature 368, 354–358.correction, rigid-body refinement, Powell minimization, and individ-
13. Spencer, J.B., Stolowich, N.J., Roessner, C.A., and Scott, A.I.ual isotropic B factor refinement. Initially, NCS restraints were strict,
(1993). The Escherichia coli cysG gene encodes the multifunc-but NCS-averaged maps and composite simulated-annealing omit
tional protein, siroheme synthase. FEBS Lett. 335, 57–60.maps indicated that there were some regions that violated NCS.
14. Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang,These regions were released from NCS restraints and modeled inde-
Z., Miller, W., and Lipman, D.J. (1997). Gapped BLAST and PSI-pendently in the different protomers.
BLAST: a new generation of protein database search programs.
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Accession Numbers
Coordinates have been deposited in the Protein Data Bank under
accession numbers 1F38 (P21212), 1KXZ (P1), 1L3C (C2 short cell),
1L3B (C2 long cell), and 1L3I (AdoHcy complex in C2).
